In a sample of post-menopausal premutation carrier mothers of children with the full mutation of fragile X syndrome (n ¼ 88), this study examined the co-occurrence of the reproductive and psychiatric phenotypes associated with FMR1 premutations. Mean age at menopause was 43.1 years, and 35.2% of premutation carriers reported cessation of menses prior to age 40 (premature ovarian failure), but only 18% of carriers had been medically diagnosed by a physician as having Fragile Xassociated Primary Ovarian Insufficiency. There was a significant curvilinear association between CGG repeat length and age at menopause, with women who had mid-range repeats having the earliest menopause, similar to the pattern that has been found for the psychiatric phenotype of the FMR1 premutation. Key words: anxiety; depression; FXPOI; FMR1 CGG repeats; menopause; premature ovarian failure; premutation
INTRODUCTION
Fragile X syndrome (FXS) is the most prevalent inherited cause of intellectual disability [Hagerman et al., 2009] . This neurodevelopmental disorder is caused by an expansion to more than 200 repeats of the CGG sequence of nucleotides comprising the 5 0 untranslated region of the fragile X mental retardation gene (FMR1) located on the X cromosome [Brown, 2002] . Although some mothers of children with FXS themselves have the full mutation of FXS, it is more common for mothers to have the premutation of the FMR1 gene (defined as . Recent population prevalence estimates indicate that 1 in approximately 150 females and 1 in 350-600 males are carriers of the premutation of FMR1 [Seltzer et al., 2012a; Tassone et al., 2012; Maenner et al., 2013] .
Premutation carriers are at risk for two aging-related syndromes: fragile X-associated tremor ataxia syndrome (FXTAS) and fragile Xassociated primary ovarian insufficiency (FXPOI) [Hagerman and Hagerman, 2004] . FXTAS is a neurological disorder that includes progressive action tremor and gait ataxia, with associated features of parkinsonism, peripheral neuropathy, and cognitive decline. Although FXTAS is more prevalent in male premutation carriers than in females, approximately 10% of women with FMR1 CGG expansions over the age of 50 develop FXTAS. In women, FXTAS is associated with less severe disease, less cognitive decline, and some symptoms different from that of men, including higher rates of depression and obsessive thinking [Leehey, 2009] . FXPOI includes absent or irregular periods, symptoms of menopause such as hot flashes, early menopause, and infertility, and affects 20-25% of FMR1 premutation carriers. Other reports have suggested increased risk of depression and anxiety in premutation carriers [Bailey et al., 2008; Roberts et al., 2009] , particularly in the context of parenting stress and stressful life events [Hartley et al., 2011; Seltzer et al., 2012b] . All of these symptoms associated with the premutation have incomplete penetrance, affecting only a sub-set of carriers.
Past research has examined whether these symptoms are related to the number of CGG repeats in the FMR1 gene. For some symptoms, such as FXTAS, the association of CGG repeats and the associated condition is linear, where the larger the number of repeats, the greater the risk of the syndrome [Hessl et al., 2005; Greco et al., 2006; Grigsby et al., 2006] and earlier the age of onset [Tassone et al., 2007] . However, for other symptoms, the associa-Neuropsychiatric Genetics tion is curvilinear. In previous research using the same sample as the current study, we found that premutation carrier mothers with mid-range CGG repeats had elevated symptoms of depression and anxiety, and had a greater vulnerability to stressful life events, than those with either a smaller or larger number of repeats [Seltzer et al., 2012b] . However, not all of the carriers in our sample manifested elevated depression or anxiety; only about one-quarter of premutation carrier women were above the clinical cut-off for depression, fewer than 20% were above the clinical cut-off for anxiety, and these were most likely to have 90-110 CGG repeats. This heightened psychiatric vulnerability among those with midrange CGG repeats was first suggested by [Roberts et al. 2009 ] and most recently by [Loesch et al. 2014] adding to the growing understanding of the non-linear effect of premutation-range CGG repeat number on psychiatric symptoms.
The literature on FXPOI suggests that it, too, manifests a curvilinear association with CGG repeat number. In the first report of this association, Sherman and colleagues provided preliminary evidence that the association between CGG repeat length and ovarian dysfunction might be non-linear, with those women with between 80 and 99 CGG repeats most vulnerable to early menopause [Sullivan et al., 2005] . This non-linear association was confirmed in a later report by the same group with a larger sample including cases from the earlier study , and it concluded that women with mid-range numbers of CGG repeats (80-100) had a higher risk of altered cycle traits, subfertility, and dizygotic twinning than those with a smaller or a larger number of CGG repeats within the premutation range. Further, two independent samples [Ennis et al., 2006; Tejada et al., 2008 ] also showed a non-linear association between age at menopause and CGG repeat length such that premutations in the mid-range have increased severity of this aspect of the phenotype.
More recently, the data from the Sherman group's Atlanta studies were combined with those from a cohort drawn from Nijmegen, the Netherlands [Spath et al., 2011] . The Nijmegen sample, ascertained through the Radboud University Medical Center, was drawn from all families in which a proband was diagnosed with FXS between 1984 and 2008. All female relatives of these probands age 35 and older who had experienced natural menopause (i.e., not due to surgery, chemotherapy, radiation, etc.) were included in the Spath et al. study. Women with between 65 and 90 CGG repeats were found to be at heightened risk of early menopause, a lower risk range than in previous studies. There, thus, is a need to extend this work in additional independent samples to better define the repeat range of the high risk premutation group. This is one focus of the present research, which is based on data analyzed from a distinct US sample of post-menopausal premutation carriers.
Molecular mechanisms for the curvilinear association of the reproductive phenotype and CGG repeat length are not fully understood, but premutation carriers are known to have elevated levels of mRNA, which may be toxic [Berry-Kravis and Hall, 2011] and which have been advanced as explanations for increased risk of early menopause in those with midsize CGG repeats [Ennis et al., 2006] .
Other research has examined how activation ratio (the percent of cells where the active X chromosome carries the normal repeat allele) may influence ovarian function, age at menopause, and symptoms of the psychiatric phenotype of the FMR1 premutation. Previous studies have reported that activation ratio is not associated with reproductive function [Murray, 2000; Sullivan et al., 2005; Bione et al., 2006; Tejada et al., 2008; Rodriguez-Revenga et al., 2009; Spath et al., 2011] . One additional purpose of the present study is to examine the contribution of the activation ratio to the prediction of age at menopause in premutation carrier mothers of children with the full mutation of fragile X syndrome.
The prevalence of premature ovarian failure (POF), or cessation of menses prior to age 40 years, among premutation carriers is approximately 16%, as compared to 1% in the general population . Apart from POF, premutation carrier women are at increased risk of earlier menopause than women in the general population. In previous research in a different sample, we found that premutation carrier women (n ¼) had a significantly earlier age at menopause than controls (48.1 vs. 50.8 years, P < 0.05; [Seltzer et al., 2012a] . Another study divided its sample of carriers into three groups based on CGG repeat length, and reported that the age of menopause averaged 48.5 for those with low CGG repeats, 44.9 for those with mid-range repeats, and 47.5 for those with a high number of CGG repeats . In contrast, noncarriers had substantially later ages of menopause (i.e., 52.3 years). Early menopause has significance for women's health, including an increased risk of overall mortality, cardiovascular diseases, neurological diseases, psychiatric diseases, and osteoporosis [Shuster et al., 2010] .
The present study aims to extend the investigation of the association between CGG repeat length, activation ratio, and age at menopause in post-menopausal premutation carrier mothers of adolescents and adults with the full mutation of FXS.
MATERIALS AND METHODS Participants
The participants in the present study were selected from a larger sample of families of individuals with the full mutation of FXS (n ¼ 147). This is a national sample consisting of families residing in 38 states. In the majority of these families (n ¼ 136), the mothers themselves had the premutation of the FMR1 gene (55-200 CGG repeat lengths). Participants were recruited as part of a three-wave (referred to as Times 1, 2, and 3) longitudinal study of family adaptation to FXS with a focus on families of adolescents and adults with FXS (Mailick et al., in press ). Each time of data collection followed the previous one by approximately 18 months. Study participation required that mothers be the biological parent of a son or daughter with the FMR1 full mutation, that the child be 12 years of age or older, and that he or she live in the parental home or have a least weekly contact with the mother either in person or by phone.
At Time 2 of the study, 121 premutation carrier mothers continued to participate in the study and they provided data on their reproductive functioning. These questions were based on the Reproductive History Questionnaire developed by Sherman and colleagues [Sullivan et al., 2005] . The questions were also asked at Time 3, allowing us to capture data from additional mothers who had experienced menopause by that time.
Inclusion in the present analysis was restricted to those members of the sample who were post-menopausal. Premutation carrier mothers who did not have a menstrual period for at least the past year reported whether they ceased cycling due to factors such as a hysterectomy, chemotherapy, radiation, pregnancy or breastfeeding, severe weight loss/eating disorder, hormone medication, or natural menopause. Of the participants at Times 2 and 3, nine did not provide complete responses to the reproductive questions and were dropped from the present analysis, and another 24 were excluded either because they reported still having a menstrual period during the previous year or because they ceased cycling due to one of the factors listed above other than natural menopause. The other 88 premutation carrier mothers reported that they did not have a menstrual period during the year prior to data collection and were included in the present study.
The majority of premutation carrier mothers included in the present analysis were European American (98%), currently married (82%), had completed at least an associate's degree (87.5%), and were currently employed (70%). Their mean age was 53.6 years (SD ¼ 7.4, range ¼ 39.1-72.3 years of age), and they had an average of 2.6 children (SD ¼ 1.2, range ¼ 1-6 children) including 1.47 children with FXS (SD ¼ 0.71, range ¼ 1-4 children with FXS). The target children with FXS were 23.5 years of age on average (SD ¼ 7.2, range ¼ 14.1-45.8 years of age); most were male (87%), had intellectual disability (89%), and lived in the family home (85%).
Procedure
Premutation carrier mothers provided data through self-administered mail-back questionnaires and telephone interviews that typically lasted one hour. In order to participate, mothers were required to provide medical records confirming that their child had FXS. Mothers also were asked to provide a blood sample to determine their CGG repeat length and activation ratio. They were instructed to take a preassembled blood draw kit to a convenient location (e.g., local hospital, their doctor's office) to have their blood drawn. The kit included instructions for the medical professional drawing the blood and a prepaid courier container for shipping the sample to Kimball Genetics, Inc., the laboratory that assayed the samples for CGG repeat length and activation ratio. Mothers who had difficulty finding a physician or clinic in their area willing to draw the blood, or mothers who were reluctant to provide a blood sample, had the option of providing medical records indicating their CGG repeat length.
The Institutional Review Board at the University of WisconsinMadison approved the data collection protocol and written consent was obtained from all participants.
Measures
Age at menopause. Age at menopause was calculated based on mother's birth year and the self-reported year of last menstrual period, based on the Reproductive History Questionnaire [Sullivan et al., 2005] . Two mothers moved in and out of menopause, as is occasionally characteristic of premutation carrier women [Wittenberger et al., 2007] ; for example, they experienced a year or more with no menstrual period, followed by the resumption of the menstrual cycle, followed by at least another year with no menstrual period. For our analyses, we used the age when the mother first experienced a year with no menstrual period. However, we also conducted the analyses using the age when the mother most recently experienced a year with no menstrual period and the findings were virtually identical (data available from first author). The mean age at menopause based on the earliest year when a mother did not report a menstrual period was 43.1 (SD ¼ 6.1), and the age at menopause using the most recent year when the mother did not report a menstrual period was 43.5 (SD ¼ 6.1). The correlation between two measures of age at menopause was 0.99.
CGG repeat length. Although all 88 mothers provided evidence from their medical record that they were premutation carriers, a quantitative count of CGG repeat length was available for only 79 of these cases. Of these 79 mothers, 10 provided medical records that specified the number of CGG repeats, whereas 69 cases sent a blood sample to Kimball Genetics, Inc. which conducted CGG repeat assays for our project. For the present sample, CGG repeat length varied from 67 to 180 CGG repeats (mean ¼ 93.8, SD ¼ 20.1).
Activation ratio. Data on activation ratio was available for 66 of the participating mothers. All activation ratio data was based on assays conducted by Kimball Genetics, Inc. Band intensities were measured by phosphorimaging, and those values were used in the following calculation: unmethylated normal/(unmethylated normal þ methylated normal). In the present sample, activation ratio ranged from 0.11 to 0.92 (mean ¼ 0.54, SD ¼ 0.21), providing ample variability in this biomarker to conduct our analyses.
Other menopause symptoms. Mothers reported the frequency of selected symptoms that they ever experienced as a result of menopause, including hot flushes/flashes, depression, sleep disturbance, bone pain, night sweats, and other symptoms they associated with menopause. They reported each as 0 ¼ not at all, 1 ¼ a little, 2 ¼ somewhat, and 3 ¼ a lot. These items were taken from the Wisconsin Longitudinal Study [Hauser et al., 1999) .
Covariates. Control variables in the multivariate model included level of education and history of smoking. Maternal education was controlled as an indicator of family socioeconomic status. Maternal history of smoking was controlled because past research has shown that smoking hastens menopause by approximately one year in premutation carrier mothers and also in the general population Yonker et al., 2013] . Maternal education was measured on a four-point scale: 1 ¼ less than high school, 2 ¼ high school graduate, 3 ¼ college graduate, and 4 ¼ higher than college degree. Smoking was measured as a binary variable, "yes" "no" answer to the question of "have you ever smoked regularly, at least one cigarette a day?" Smoking history was missing for one mother and she was omitted from the multivariate models.
Statistical Analysis
We first provide descriptive findings regarding the age of menopause, the percentage of participants who experienced POF, the percentage who were medically diagnosed with FXPOI, and the frequency of specific menopause symptoms.
Next, we present the results of ordinary least squares (OLS) multiple regression models to test the hypothesis that there is a curvilinear association between CGG repeat length and age at menopause. The regression equation included the following terms: (i) control variables of maternal education and smoking status; (ii) linear effect of CGG repeat length; and (iii) curvilinear effect of CGG repeat length (CGG repeat length squared). The sample for the regression model was based on 78 cases, as one was missing data on smoking history. We also ran a robustness test by carrying out the OLS model with the 69 cases for whom the genotyping was conducted by Kimball Genetics.
Subsequently, we added measures of activation ratio and its interaction with CGG repeats to the OLS multiple regression models to examine if inclusion of these additional terms would independently predict age at menopause. Since activation ratio data were only available on 66 cases, this regression model was restricted to this smaller number of premutation carriers.
Given the wide age range of sample members at the time of data collection (39-72 years of age), it is possible that recall bias regarding age at menopause may have introduced error into the data. Therefore, all of the regression models were re-estimated including age at the time of the interview as a control variable.
RESULTS

Descriptive Findings-Menopause Symptoms
The mean age at menopause for the 88 post-menopausal participants was 43.1 years (SD ¼ 6.1), but there was a broad range (from 30 to 56 years of age). Just over one-third (n ¼ 31, 35.2%) of the sample reported that their menstrual period had ended prior to age 40, which signifies POF, but only half that many (n ¼ 14; 18.2%) were medically diagnosed with FXPOI.
Mothers reported the frequency of selected menopausal symptoms they ever experienced, including hot flushes/flashes, depression, sleep disturbance, bone pain, night sweats, and other symptoms they associated with menopause (see Table I ). The great majority reported experiencing at least some of these symptoms. The most common symptom was hot flushes/flashes, with 30.7% experiencing this symptom "a lot." Also common were night sweats (26.1% experienced this symptom "a lot"), sleep disturbance (22.7%), and depression (19.3%).
Age at Menopause and CGG Repeat Length
As shown in Table II , there was a significant curvilinear association between CGG repeat length and age at menopause (b ¼ 0.003, P < 0.01; see Q3 Figure 1 ). Neither maternal education nor smoking history was significantly associated with age at menopause. The effect remained significant even after the case with 180 CGG repeats was removed from the analysis (to insure that it was not just this one case that was driving the curvilinear association) and when age at the time of interview was controlled (to control for possible recall bias). The data are available from the first author.
A further test of robustness was carried out by analyzing only those 69 cases with CGG repeat data from Kimball Genetics. Regression analysis with the same variables as above yielded results that were almost identical to the analysis using all cases, suggesting no confounding measurement effects of different laboratories carrying out the CGG repeat assays on the curvilinear association of CGG repeat length on age at menopause (b ¼ 0.003, P < 0.001).
Age at Menopause and Activation Ratio
As noted, for 66 of the 78 cases included in the regression analyses reported in Table II , we also had access to measures of activation ratio. We conducted follow up analyses on this smaller sub-sample to determine if inclusion of activation ratio in the regression models improved the prediction of age at menopause. As shown in Table III , activation ratio was not a significant predictor of age at menopause among premutation carrier mothers, either as a main effect, as an interaction effect with CGG repeat length, or as an interaction with the curvilinear term of CGG repeat length. Nevertheless, in this analysis, the curvilinear term of CGG repeat length continued to significantly predict age at menopause (P < 0.05), even with activation ratio controlled.
DISCUSSION
The risk of early menopause is elevated in premutation carrier women. The average age at menopause in the present cohort was 43.1 years, which is nearly 10 years earlier than reported in the US [Gold, 2011] . In our sample, just under twofifths (18.2%) were medically diagnosed with FXPOI, in line with past reports [Rodriguez-Revenga et al., 2009] . However, twice that percentage (35.2%) had POF, as their menses ceased prior to age 40. This disparity reflects a significant under-diagnosis of FXPOI. We also examined the association between two biomarkers of the FMR1 premutation and age at menopause-CGG repeat length and activation ratio. We found a significant curvilinear association between CGG repeat length and age at menopause, similar to past studies [Sullivan et al., 2005; Ennis et al., 2006; Allen et al., 2007; Tejada et al., 2008; Spath et al., 2011] , with the earliest age at menopause observed in the present sample among those who had between 90 and 110 CGG repeats. This is a slightly higher zone of greatest risk of early menopause than reported in previous research, which was found to be 65-90 repeats. However, this difference may be due to the repeat length frequency distribution in the various studies. Future research is needed to provide a more precise estimate of the zone of greatest vulnerability to early menopause, as there is variability from study to study.
Activation ratio did not significantly predict age at menopause, again similar to past studies that reported no association between this biomarker and menopausal age among carrier women [Murray, 2000; Sullivan et al., 2005; Bione et al., 2006; Tejada et al., 2008; Rodriguez-Revenga et al., 2009; Spath et al., 2011] . However, in a previous study that implicated activation ratio in the clinical manifestation of POF [Bodega et al., 2006] , the pedigrees of three families were reported in which each had two sisters with FMR1 CGG expansions who were discordant for activation ratio. In all three instances, the sister with the lower percentage of active mutated alleles did not have POF whereas the sister with the higher percentage had POF. Other clinical reports suggest that activation ratio may be related to FMR1-related symptom severity [HeineSuner et al., 2003; Berry-Kravis et al., 2005] . Thus, future research with larger samples should continue to probe the association between activation ratio, CGG repeat length, and age at menopause. Some premutation carrier women who have mid-range CGG repeats may also be at increased risk of depression, anxiety, and a blunted cortisol response, especially in the context of environmental stress [Roberts et al., 2009; Seltzer et al., 2012b] . However, this increased mental health vulnerability is manifested by only a sub-set of premutation carrier women. In our prior research drawn from the same sample as the present research, we found that 25.6% of premutation carrier women were above the clinical cut-off for depression, 17.1% were above the clinical cut-off for anxiety, and 13.4% were above the clinical cutoffs for both depression and anxiety [Seltzer et al., 2012b] . Similarly, early menopause is characteristic of only a sub-set of premutation carriers; in the present sample, 35.2.8% had menopause at age 40 or earlier. Future research should examine whether the same premutation carriers are at increased risk of both mental health symptoms and early menopause, and whether these two domains of vulnerability are independent or interactive. It is possible that depression and anxiety are exacerbated by early menopause and heightened menopausal symptoms, as well as by exposure to environmental stress. Alternatively, a different sub-set of carrier women may be vulnerable to early menopause than to elevated mental health symptoms.
Little is known about the disease pathology underlying FXPOI. It does not appear to be related to an FMRP deficit since women with the full mutation, or those with reduced FMRP, do not have ovarian dysfunction. Like FXTAS, the increased FMR1 mRNA containing the long repeat tract is most likely involved in the etiology. This has recently been supported by studies of premutation mouse models for FXPOI [Hoffman et al., 2012; Lu et al., 2012] . However, there is little speculation for the cause of the non-linear association of repeat length and FXPOI. Future biological research is needed to determine how the FMR1 premutation is toxic to the ovarian system, and how the number of CGG repeats in the premutation range dictates risk.
This study was not without limitations. As all participants in this study were mothers, premutation carriers who had very early menopause that interfered with their ability to have children were not included. Additionally, since all participants had a child with full mutation FXS, then premutation carriers with low numbers of CGG repeats might have been undersampled (as such carriers are at lower risk of having a child with the full mutation) relative to the population. Thus, the frequency of repeat length alleles may differ from other samples. Population-based studies of female premutation carriers, not selected based on the criterion of having a child with FXS, are needed to ascertain the age at menopause in an unselected sample.
In other research conducted by our group [Seltzer et al., 2012a] , we reported the results of a pilot study in which we screened 6747 DNA samples from a representative population. We found that the average age at menopause among the 20 female premutation carriers in that cohort (who were not "reverse-ascertained" from a child with FXS) was 48.1, whereas the controls who were selected from the same population reached menopause at age 50.8 (P < 0.05). Nearly half of the premutation carriers in the population-based pilot study had low numbers of CGG repeats (55-60). Thus, early menopause is a characteristic of premutation carriers, even on the low end of the premutation CGG repeat range. In that sample, we were not able to test whether the association between CGG repeat length and age at menopause was curvilinear, as the sample included few women with mid-range numbers of CGG repeats. However, the mean age at natural menopause of the women in that sample who had between 55 and 60 CGG repeats was 50.8 years, whereas the mean age for those with between 60 and 110 CGGs was 45.1 years, again suggesting that those with mid-range repeats were at greater vulnerability of early menopause.
To conclude, the latest estimates put the prevalence of premutation carriers at over 1 million Americans [Maenner et al., 2013] , and thus study of the phenotype of the premutation has substantial public health significance. Most past research on the premutation phenotype has been carried out with men. However, a substantial sub-group of women who carry the premutation are at risk of early menopause, and this risk is greatest among those with mid-range CGG repeats. The extent to which early menopause contributes to other aspects of the premutation phenotype in women, such as osteoporosis or mental health symptoms, warrants study in future research.
